To analyze the effect of white matter lesions in different brain regions on regional cortical glucose metabolism, regional cortical atrophy, and cognitive function in a sample with a broad range of cerebrovascular disease and cognitive function. Methods: Subjects (n ϭ 78) were recruited for a study of subcortical ischemic vascular disease (SIVD) and Alzheimer disease (AD) contributions to dementia. A new method was developed to define volumes of interest from high-resolution three-dimensional T1-weighted MR images. Volumetric measures of MRI segmented white matter signal hyperintensities (WMH) in five different brain regions were related to regional PET glucose metabolism (rCMRglc) in cerebral cortex, MRI measures of regional cortical atrophy, and neuropsychological assessment of executive and memory function. Results: WMH was significantly higher in the prefrontal region compared to the other brain regions. In all subjects, higher frontal and parietal WMH were associated with reduced frontal rCMRglc, whereas occipitotemporal WMH was only marginally associated with frontal rCMRglc. These associations were stronger and more widely distributed in nondemented subjects where reduced frontal rCMRglc was correlated with WMH for all regions measured. In contrast, there was no relationship between WMH in any brain region and rCMRglc in either parietal or occipitotemporal regions. WMHs in all brain regions were associated with low executive scores in nondemented subjects. Conclusions: The frontal lobes are most severely affected by SIVD. WMHs are more abundant in the frontal region. Regardless of where in the brain these WMHs are located, they are associated with frontal hypometabolism and executive dysfunction. NEUROLOGY 2004;63:246 -253 Vascular factors are increasingly recognized as important contributors to cognitive decline and dementia. Subcortical ischemic vascular disease (SIVD) accounts for 36 to 67% of all vascular dementia cases 1 and is a major cause of vascular cognitive impairment and dementia in the elderly. There is also evidence that coexisting cerebrovascular disease can amplify the effects of Alzheimer disease (AD) pathology.
Vascular factors are increasingly recognized as important contributors to cognitive decline and dementia. Subcortical ischemic vascular disease (SIVD) accounts for 36 to 67% of all vascular dementia cases 1 and is a major cause of vascular cognitive impairment and dementia in the elderly. There is also evidence that coexisting cerebrovascular disease can amplify the effects of Alzheimer disease (AD) pathology. 2, 3 While impairment of executive function in patients with SIVD has been an often described feature of the syndrome, [4] [5] [6] [7] the specific mechanisms of the cerebrovascular changes leading to brain dysfunction and cognitive symptoms remain to be elucidated. Prominent imaging findings seen in cognitively impaired patients with SIVD include MRI findings of subcortical lacunes and white matter signal hyperintensities (WMH) on T2-weighted images. In addition to lacunar infarctions it is generally assumed that ischemic WMH cause disturbances in prefrontalsubcortical loops involved in executive control. [7] [8] [9] Accordingly, WMH have been shown to correspond to poor executive performance but not to global or memory function. 10, 11 The mechanisms underlying the relationship between WMH and executive dysfunction have not been adequately elucidated, however. Possibilities include cortical atrophy perhaps secondary to WMH, [12] [13] [14] and disconnection or diaschisis of frontal lobe function caused by WMH. The latter hypothesis can be examined using PET measures of glucose metabolism.
We sought to examine the regional distribution of WMH and define their effects on regional cortical glucose metabolism and atrophy. We hypothesized that WMH within a specific brain region would have stronger effects on glucose metabolism in the same region than on glucose metabolism in different regions. Similarly, we anticipated finding regional predominance of WMH in the frontal lobes that would explain the predominant executive dysfunction seen in this syndrome. We developed a new method to define volumes of interest (VOIs) from highresolution three-dimensional T1-weighted MR images. Volumetric measures of MRI segmented WMH in five different brain regions were related to regional PET glucose metabolism in cortical gray matter (CGM) voxels, MRI measures of frontal cortical atrophy, and neuropsychological measures of executive and memory function.
Methods. Subjects. Eighty-four subjects recruited from two academic dementia centers between 1999 and 2002 were evaluated as part of a multicenter collaborative study of contributions of subcortical cerebrovascular brain injury and AD to cognitive impairment and dementia. All subjects received a comprehensive clinical evaluation, an MRI scan, and a PET scan of the brain. Six subjects were excluded due to scans of poor technical quality leaving 78 subjects in the study. Subjects were diagnosed using National Institute of Neurologic and Communicative Disorders and Stroke-AD and Related Disorders Association diagnostic criteria 15 for AD and California ADDTC criteria 16 for ischemic vascular dementia (IVD). The levels of cognitive impairment included normal (Clinical Dementia Rating [CDR] 17,18 score of 0.0), cognitively impaired not demented (CIND) (CDR ϭ 0.5), and demented (CDR Ն 1.0). The Institutional Review Boards at all participating institutions approved this study and subjects or their legal representatives gave written informed consent for participating.
The MRI study was performed within 0.33 Ϯ 0.48 (mean Ϯ SD) (range 0 to 2.5) years and the neuropsychological testing within 0.24 Ϯ 0.28 (0 to 1.6) years from the PET study. None of the subjects had a history of head injury or MRI signs of cortical infarcts.
Neuropsychological tests. All participants received a standardized battery of neuropsychological tests in common clinical use, details of which have been reported previously. 19 Neuropsychological variables were selected a priori and consisted of the MMSE, 20 and composite measures of executive and memory function. The executive function measure (EXEC) is a composite derived from Dementia Rating Scale Initiation-Perseveration, 21 Wechsler Memory Scale-Revised digit span backwards and visual span backwards, 22 and the results of a controlled oral word fluency test (FAS). 23 The Memory function (MEM) measure was derived using total recall on Trials 2 to 6 on the Word List Learning Test of the Memory Assessment Scales along with the scores for short and long delayed free recall from the same test. 24 The composite measures were constructed using methods associated with item response theory, details of which have been described previously. 25 Scores were transformed in reference to a large normal control group yielding a scale corresponding to a traditional measurement scale with a mean of 100 and a SD of 15.
MRI data acquisition. The entire brain was imaged with a 1.5 T Magnetom VISION system (Siemens, Erlangen, Germany) equipped with a standard quadrature head coil. The brain imaging protocol involved 1) a sequence yielding proton density (PD) and T2-weighted spin-echo axial images (repetition time [ 2 , and 2) a sequence yielding T1-weighted coronal threedimensional images (TR/TE 10/4 msec; 1 NEX), 1 ϫ 1 mm 2 inplane resolution, with contiguous 1.4 mm thick slices. The coronal three-dimensional T1 image was resliced in axial orientation yielding a voxel dimension of 0.94 ϫ 0.94 ϫ 1.6 mm (256 ϫ 256 ϫ 124 voxels) using previously described software. 26 MRI data analysis. A previously described computerized segmentation algorithm was used to classify brain MRI pixels on the T2 image as CGM, subcortical gray matter, white matter, WMH, ventricular CSF, sulcal CSF, or subcortical gray matter lacunes. 27 MR data analysis used a series of steps: 1) segmentation of brain from non-brain and coregistration of images, 2) definition of 10 VOIs, and 3) alignment of VOIs to the segmented dataset and calculation of tissue type volumes for the five VOIs used in analysis. These three steps are described below.
1. First, the brain was segmented from non-brain on the T1 image by a technician. The T1 and segmented MR datasets were then coregistered using an affine coregistration program developed in-house following the method given in reference 28 28 . 2. Next, the high-resolution three-dimensional T1-weighted image was divided into 10 VOIs using software developed in-house. This program uses a ray-casting method to define threedimensional VOIs using operator-defined planes for cutting the VOIs ( figure 1, top) . This procedure resulted in each brain hemisphere being divided into five VOIs: 1) orbitofrontal; 2) prefrontal; 3) dorsolateral frontal; 4) parietal; 5) occipitotemporal VOI (figure 1, bottom). Cerebellum and brainstem were excluded from the occipitotemporal VOI by manual editing as were possible parts of temporal poles included in the orbitofrontal VOI. 3. By aligning each VOI with the segmented dataset using the previously computed coregistration parameters, we classified voxels in the VOI as CGM, normal white matter, or WMH. Tissue type volumes for the corresponding right and left VOIs were added creating five bilateral VOIs, which were used in the data analysis. A frontal VOI was created by adding the tissue type volumes of the bilateral orbitofrontal, prefrontal, and dorsolateral VOIs.
Regional WMH volume was converted to percent of total white matter volume in the same region to control for subject differences in VOI size. CGM volumes are expressed as percent of intracranial volume (ICV).
This VOI analysis was performed by one of the authors (M.T.) blind to all other data, with high reliability (intraclass correlations of 0.97 to 1.0 with the volume of WMH in each of 10 unilateral VOIs on three brains analyzed five times).
PET data acquisition. PET studies were performed on a Siemens-CTI ECAT EXACT (model 921) 47-section scanner in two-dimensional acquisition mode imaging the radiotracer, [ 18 F]-FDG. 29 All subjects were injected with 5 to 10 mCi of FDG and studied in a quiet room with eyes and ears unoccluded with a 40-minute emission acquisition in two-dimensional mode following a 20-minute transmission image.
The PET image was aligned to the segmented image using the coregistration method described above so that, for each VOI, radioactivity counts in CGM voxels could be extracted. In order to reduce partial volume effects, CGM counts were calculated as mean of the counts at the FWHM value of the histogram of all voxels within the gray matter volume. VOI PET counts were normalized to whole brain mean counts and used in data analyses as count ratios.
Statistics. WMH distributions within regions were positively skewed and were therefore log transformed. Repeated measures models, with post hoc pairwise contrasts between the prefrontal region and the other brain regions, were used to assess differences between the averages of the regional WMH. Analysis of variance (ANOVA) was used to test for differences in average WMH, glucose metabolism (rCMRglc), and CGM volumes between different cognitive groups. Linear regression models were used to investigate relationships between regional WMH, rCMRglc, CGM, and executive and memory function. Primary outcomes included rCMRglc and cognitive function. We began with simple unadjusted regression models, followed by multivariate models, when possible. Correlations between the independent variables were investigated to check for colinearity. Assumptions of all models were checked through graphical methods and were met by the data. A p value less than 0.05 was considered significant, although the Bonferroni correction was implemented to correct for multiple comparisons in the post hoc pairwise tests. Table 1 shows demographic data and results of cognitive testing for all subjects and for the cognitive subgroups. Nineteen of the demented subjects were diagnosed as AD, five as mixed AD and IVD, and two as IVD. Age was a nonsignificant covariate in all the statistical models used to study relationships among WMH, glucose metabolism, executive (EXEC), and memory (MEM) function measures.
Results.
Regional distribution of WMH and normalized glucose metabolism. WMH in different brain regions were highly correlated: r p Ն 0.78 for frontal, parietal, and occipitotemporal WMH. Figures 2 and 3 figure 2 ). There were no significant differences in frontal, parietal, or occipitotemporal WMH between nondemented (n ϭ 52) and demented (n ϭ 26) subjects (p ϭ 0.42 to 0.86) (ANOVA) and the range of WMH values was similar in both groups.
Demented subjects had lower rCMRglc in the dorsolateral frontal VOI compared to cognitively normal subjects (p ϭ 0.027) (ANOVA); otherwise, no differences were seen between the groups (see figure 3) .
Regional WMH and frontal glucose metabolism. Table  2 summarizes the frontal rCMRglc by regional WMH regression analyses. Due to the high correlations between the WMH measures in the different brain regions, only simple regressions were fit. Frontal and parietal WMH volumes were significantly and negatively associated with glucose metabolism in the frontal region. Occipitotemporal WMH showed a similar relationship, although not statistically significant. These associations were stronger in nondemented subjects (figure 4). In contrast, there was no relationship between WMH in any brain region and glucose metabolism in either parietal or occipitotemporal lobes in all subjects or nondemented subjects. Adding frontal CGM to the model did not significantly change the results. The relationships between frontal lobe WMH and rCMRglc were not appreciably different in frontal lobe subregions (see table 2 ).
Cortical gray matter volume. Frontal CGM was lower in demented subjects (8.9 Ϯ 0.9%) compared to cognitively normal (10.0 Ϯ 1.2%) (p Ͻ 0.001) and CIND subjects (9.5 Ϯ 1.0%) (p ϭ 0.03). Also posterior CGM was lower in demented subjects (20.6 Ϯ 2.3%) compared to cognitively normal (22.5 Ϯ 2.1%) (p ϭ 0.003) and CIND subjects (21.9 Ϯ The influence of imaging measures on cognitive function. Tables 3 and 4 show regression analyses using frontal WMH, rCMRglc, and CGM as independent variables explaining the two cognitive measures EXEC (see table 3)  and MEM (see table 4 ). Once again, due to the high correlations between the WMH measures in the different regions, only one WMH measure could be included in each regression model.
Executive function. Increased frontal WMH volume was associated with lower EXEC in nondemented subjects only (see table 3 ). Within the frontal region, this relationship was significant for prefrontal and dorsolateral frontal WMH, but not for the orbitofrontal region. Increases in both parietal (R 2 ϭ 0.19, ␤ ϭ Ϫ5.3, SE ϭ 1.7, p ϭ 0.003) and occipital WMH (R 2 ϭ 0.10, ␤ ϭ Ϫ4.6, SE ϭ 2.1, p ϭ 0.04) were associated with lower EXEC in nondemented subjects. In demented subjects, however, there were no significant relationships between frontal or posterior WMHs and EXEC. Frontal rCMRglc was related to EXEC in all subjects and also in nondemented subjects, with increases in glucose metabolism associated with higher executive scores (see table 3 ). This association was not significant in demented subjects. Increased frontal CGM was associated with higher EXEC in all subjects but not in the nondemented or demented groups taken separately. The combination of frontal WMH and rCMRglc explained 21% of the variability in EXEC in nondemented subjects (p ϭ 0.008), with estimates similar to those in the bivariate models (for WMH, ␤ ϭ Ϫ4.13; for rCMRglc, ␤ ϭ 127.5). Adding frontal CGM to this model did not explain further variance in EXEC performance.
Memory function. Increased frontal WMH was associated with reduced MEM in nondemented subjects only (see Twenty-five subjects had segmented subcortical gray matter lacunes in one or more locations. Excluding these subjects did not have any influence on the relationships found between WMH and glucose metabolism or EXEC.
Discussion. This study focused on the relationships between regional WMH, glucose metabolism, and cognitive function. The major findings are as follows: 1) WMHs were predominant in the frontal lobes. 2) Regardless of their regional distribution, WMH exerted their greatest metabolic effects on the frontal lobes. These effects were more prominent in nondemented subjects and were absent in demented subjects. 3) Executive function was strongly influenced by WMH and frontal glucose metabolism whereas cortical atrophy did not contribute to executive function. 4) Memory function was related to both frontal WMH and cortical atrophy but not to frontal glucose metabolism. In the aggregate, these findings support the view that WMH in any brain region cause frontal cortical hypo- metabolism that at least partially explains the executive dysfunction seen in vascular brain injury. The subcortical ischemic vascular pathology has a moderately strong influence on frontal cortical metabolism and cognitive function that is significant in nondemented subjects. However, in demented subjects who presumably have coexisting AD and IVD, the impact of AD pathology on cortical function appears to be of a considerably higher magnitude, making the additional effects of concomitant cerebrovascular pathology nonsignificant.
The relation between WMH and cortical metabolism has recently been studied with conflicting results, some reports showing that subjects with SIVD have reduced global 30, 31 or frontal 31,32 cortical metabolism whereas other studies have failed to show that WMH are related to cortical metabolism 33 or blood flow. 34, 35 These studies have used global and in most cases semiquantitative measures of white matter lesions. It is reasonable to assume that both the location and the volume of WMH may influence the effect of white matter damage on regional cortical metabolism and cognitive function. Thus, these factors should be taken into account when looking for relationships between subcortical structural abnormalities and cortical metabolism.
The methods used in this study have several advantages for analyzing WMH and cortical glucose metabolism. The segmentation of WMH on MRI gives a good estimate of WMH volume. The coregistration method and the VOI approach make a regional comparison possible. We used the coregistered segmented image to identify cortical gray matter voxels in the PET image to ensure a good measure of cortical gray matter glucose metabolism and to reduce the effect of cortical atrophy. Accordingly, the associations found between WMH and frontal rCMRglc were independent of frontal CGM.
The rationales behind evaluating the entire sample as a whole and the subsequent grouping of subjects in a nondemented (cognitively normal and CIND subjects) and a demented group (AD and IVD cases) are 1) the development of WMHs and their influence on cortical metabolism and cognitive function is a continuous process taking place in subjects with subcortical vascular disease throughout the whole spectrum of cognitive function, 2) all subjects included were selected to have signs or risk factors of cerebrovascular disease and therefore presumably the same etiology of WMH, and 3) the focus of this study was on pathophysiology and not on diagnostic issues.
WMH volume was significantly higher in the prefrontal region than in any of the other regions. This is a novel finding and points at the prefrontal white matter as being particularly vulnerable to small-artery disease, which may relate to periventricular arterial borderzones highly susceptible to hypoperfusion. 36, 37 WMH in all regions were associated with reduced frontal glucose metabolism and cortical atrophy. A possible mechanism for these findings could be that lesions in the subcortical white matter cause structural or metabolic damage to axons that downregulate neuronal metabolism and cause cortical hypometabolism and even cell death. Accordingly, subcortical infarcts have been shown to produce cortical hypometabolism and hypoperfusion (diaschisis). [38] [39] [40] These changes in brain structure may underlie, to some extent, the metabolic changes, although based on research from other samples, atrophy is not likely to be the only explanation for metabolic declines. 41 The preferential effect on frontal cortex by WMH is unexplained, but could be related to substantial convergence of fiber pathways on the frontal lobes, so that lesions in any subcortical region might be expected to exert their effects on this large region of association cortex. This could also explain why WMH in both frontal and posterior regions were associated with frontal hypometabolism. Frontal WMH were more strongly related to frontal hypometabolism than posterior white matter lesions, possibly because the proportion of axons connecting to the frontal cortex is highest in the frontal white matter.
The high correlations between WMH in different regions indicate that cerebrovascular disease is generalized. It is thus also possible that the correlation between posterior WMH and frontal metabolism is driven by a correlation with frontal WMH that reflects this generalized process. Another possible explanation for the relation between WMH and cortical hypometabolism could be concomitant microvascular changes in the cerebral cortex more directly related to cortical metabolism with white matter lesions representing only a general marker of cerebrovascular disease. Accordingly, cortical microinfarctions have been reported to be an important feature in vascular dementia. 42 This process is beyond the resolution of current MR techniques. However, a regional frontal effect of white matter lesions on cortical metabolism in our study may speak against this assumption since cortical microinfarctions are symmetrically distributed throughout frontal and posterior cortical regions. 42 In the demented subjects studied, WMH was not related to frontal glucose metabolism. The amount and distribution of WMH in the demented subjects was similar to that of the non-demented subjects. It is therefore not likely that a restricted range of WMH volume in the demented group explains these differences. A probable explanation for these findings is that AD was the dominating cause of dementia in this sample: 25 of the dementia subjects were diagnosed with AD or mixed AD and IVD while only 2 subjects were diagnosed with IVD. In AD, the pathophysiologic mechanism is localized to the cerebral cortex with decreased glucose metabolism and atrophy. The process involves the medial temporal lobes and neocortex. 43 The impact of AD pathology on cortical function is probably of a higher magnitude than that of subcortical ischemic vascular pathology. Hence, in AD subjects with concomitant cerebrovascular disease, it is more likely that the AD pathology in the frontal cortex determines the frontal cortical function in an individual, and not the subcortical WMH volume. AD pathology is probably also present in some of the subjects included in the nondemented group. The effect of subclinical AD on frontal metabolism and executive function may be of such a low magnitude that it is still possible to distinguish the specific effects of SIVD in these subjects.
Frontal, but also posterior WMH was related to executive function in nondemented subjects only. Within the frontal region, the dorsolateral and prefrontal WMH volumes were the only significant predictors whereas the orbitofrontal region had a much weaker and insignificant correlation. These results indicate that WMHs are indeed related to the executive dysfunction in SIVD, which corresponds to previous reports 10, 11 and also to the fact that it is mainly the dorsolateral prefrontal circuit that is responsible for executive function whereas dysfunction in the inferior orbitofrontal circuit is characterized by behavioral disinhibition such as poor impulse control and emotional lability, 44 Again, posterior WMHs seem to have a remote effect on the frontal lobes, causing frontal cognitive dysfunction.
The effect of frontal glucose metabolism on executive function in this group was of a similar magnitude to the effect of WMH, whereas frontal CGM did not contribute to executive function. In a multivariate model, the combination of frontal glucose metabolism and frontal WMH only marginally increased the summary of fit R 2 compared to each variable taken separately. This is evidence that in SIVD, the executive dysfunction is at least partially explained by reduced frontal glucose metabolism caused by WMH. Addition of CGM had no effect on the model, probably because the effect of atrophy is already accounted for by WMH and rCMRglc.
Frontal WMH was associated with memory dysfunction in nondemented subjects. In this group also frontal but not posterior cortical atrophy was associated with memory dysfunction. These associations were not found in demented subjects. Memory impairment is a well-known feature of SIVD even if it is less prominent than in AD. 5 It mainly involves working memory causing forgetfulness, and problems with spontaneous recall. Our results converge with the general knowledge that dorsolateral prefrontal loops are involved in maintaining working memory, [45] [46] [47] the failure of which may contribute to episodic memory impairment. Thus, also memory disturbance in SIVD may be explained by underlying subcortical vascular disease causing frontal cortical dysfunction among individuals without hippocampal dysfunction caused by AD (i.e., the dementia group).
The relations between white matter lesions, frontal glucose metabolism, executive function, and cortical atrophy reported in the present study are of only moderately strong magnitude with R 2 values around 0.2. A 10% increase in frontal WMH was associated with a decrease of 0.0015 units in frontal rCMRglc in the nondemented group, which equals 3.5% of the sample SD. A 10% increase in frontal WMH was associated with a decrease in EXEC by 0.6 units and in MEM by 0.7 units, i.e., a reduction of approximately 5% of the SD of a cognitively normal group. The majority of subjects had signs of limited subcortical vascular disease and only two subjects were diagnosed as IVD compared to 24 subjects with AD or mixed AD and IVD. This could indicate that the burden of SIVD in the subjects studied was low. It is possible that we would have found a stronger relationship between WMH and frontal glucose metabolism if subjects with more severe SIVD had been included. This hypothesis warrants further study. The relations found over the whole distribution of WMH imply, however, that the negative effect of WMH on frontal glucose metabolism is continuous and that it is not just a threshold effect showing only in subjects with severe cerebrovascular disease.
In this study, we measured rCMRglc under resting conditions. Correlations between WMH, frontal glucose metabolism, and executive function would probably be considerably higher in a PET activation study. Accordingly, correlation coefficients reach 0.8 between activated rCMRglc and memory performance. 46 Activation studies may help explain relationships between glucose metabolism, cognition, and WMH in the future. The normalization of regional CMRglc to global values in this study rather than determining absolute values might result in a loss of power to discriminate VOI changes in disease and to detect correlations. The fact that the demented cohort in this study failed to show any evidence of focal parieto-temporal rCMRglc loss that characterizes AD may support this notion. Another reason for this lack of rCMRglc changes typical for AD in the demented group may be the fact that the WMH depressed frontal glucose metabolism to such an extent that relative reductions in posterior brain regions were not as prominent, which is a previously noted finding. 32 We did not include subcortical lacunar infarctions in the assessment of SIVD. A previous report from our group concluded that the cognitive impairment in SIVD is relatively unrelated to volume and location of lacunar infarctions. 12 Also, the results reported in this study did not change if subjects without lacunar infarctions (n ϭ 25) were excluded.
